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The interaction of surfactants with liposomes eventually 
leads to the rupture of such structures and the solubiliza- 
tion of the phospholipid components. In this paper, solu- 
bilization is regarded as a decrease in light scattering of 
liposome suspensions. To this end, in accordance with the 
nomenclature, adopted by Lichtenberg, three parameters 
were considered as corresponding to the effective surfac- 
tantllipid molar ratios (Re) at which light scattering starts 
to decrease, Re,,; reaches 50% of the original value, Rem; 
and shows no further decrease, Resol. These parameters 
corresponded to the Re at which the surfactant (i) saturated 
the liposomes, (ii) resulted in a 50% solubilization of 
vesicles and (iii) led to a total solubilization of liposomes. 
The surfactants tested were the nonionic surfactant octyl- 
phenol ethoxylated with 10 units of ethylene oxide or 
Wton X-100 (OP-lOEO), two anionic surfactants, sodium 
dodecyl sulfate and sodium dodecyl ether sulfate, and an 
amphoteric surfactant dodecyl betaine (D-Bet). Unilamellar 
liposomes formed by egg phosphatidylcholine containing 
increasing amounts of phosphatidic acid were used. The 
Re parameters were the lowest for D-Bet, followed by 
OP-lOEO, whereas the anionic surfactants always showed 
the highest values regardless of the electrical charge of the 
lipid bilayers. These parameters seem also to be inversely 
related to the critical micelle concentration (CMC) of the 
surfactant, except for OP-1OEO. Moreover, the CMC values 
of the surfactantllipid systems at 0.5 mM lipid concentra- 
tion corresponded in al1 cases to the surfactant concentra- 
tion at which liposomes were saturated by surfactants. As 
a consequence, this ratio can be regarded as an interesting 
parameter associated with the mixed micelle formation in 
liposome solubilization. 
KEY WORDS: Critical micelle concentration, light scattering changes, 
liposome solubilization, surface tension changes. 
Liposomes are lipid-water systems widely used as sirnplified 
models of different biological membranes. The study of the 
physicochemical process involved in liposomesurfactant in- 
teractions has been of great interest because this can pro- 
vide useful information about the complex phenomenon of 
the solubilizing interactions between phospholipids and sur- 
factants (1-4). 
A significant contribution has been made by Lichtenberg 
(5), who postulated that the minimum effective surfac- 
tantllipid ratio producing solubilization depends on the sur- 
factant critical micelle concentration (CMC) and on the 
bilayerlaqueous medium partition coefficients, rather than 
on the nature of the surfactants. Accordingly, we carried out 
studies on the partition coefficients of different surfactants 
(6) to determine the main factors involved in the modifica- 
tions of the permeability of lipid bilayers by different am- 
phiphilic molecules. 
In the present work, we have attempted to characterize 
the solubilization of electronegatively charged unilameiiar 
lipid bilayers by surfactants. Solubilization was assessed as 
a decrease in light scattering (7,8) and surface tension of 
the liposome/surfactant systems during the solubilizing pro- 
cess. 'lh evaluate the iight scattering variations, t h  para- 
meters were determined, namely effective surfactantllipid 
molar ratios (Re) at which light scattering starts to decrease 
(Re,,); reaches 50% of the original value (Re,,); and shows 
no further decrease (Re,,), according to the nomenclature 
adopted by Lichtenberg (5,9). 
The selected surfactants were sodium dodecyl sulfate 
(SDS) as a typical anionic surfactant; sodium dodecyl ether 
sulfate (SDES) to assess the influence of the ethylene ox- 
ide groups on the anionic surfactant's behavior; octyl-phenol 
polyethoxylated with 10 ethylene oxide units, Biton X-100, 
(OP-1OEO) as a representative nonionic surfactant, which 
is widely used in membrane studies (10-12); and dodecyl be 
taine (D-Bet) as a representative of amphoteric surfactants 
(13). 
Some of the results obtained in this study will provide 
information on physicochemical factors involved in the in- 
teractions of surfactants with lipid bilayers and on the way 
they affect vesicle solubilization. This information also 
ailowed us to establish a criterion for the evaluation of sur- 
factant activity on phospholipid vesicles. 
EXPERIMENTAL PROCEDURES 
Materials. SDS was obtained from Merck (Darmstadt, 
Germany) and further purified by a column chromato- 
graphie method (14). SDES was supplied by Bnecco SA 
(Barcelona, Spain). The latter was a commercial-grade pro- 
duct with an active matter of 28.8% with a 2.5 average 
in EO units and the following mix in alkyl chain: (2-10, 
3.9%; (2-12, 68.1%; (2-14, 22.2% and (3-16, 4.9%. OP-lOEO 
was purchased from Fbhm and Haas (Paris, France) and 
had an active matter content of 100%. The amphoteric 
surfactant D-Bet was especially prepared by Albright and 
Wilson, Ltd. (Warley, West Midlands, United Kingdom); 
the active matter was 30% in aqueous solution and the 
amino free content was 0.20%. Phosphatidic acid (PA) 
from egg yolk lecithin was purchased from Sigma 
Chernical Co. (St. Louis, MO). Phosphatidylcholine (PC) 
was purified from egg lecithin (Merck) according to the 
method of Singleton et al. (15) and was pure by thin-layer 
chromatography (TLC). Piperazine-1,4 bis(2-ethanesulfonic 
acid) (PIPES buffer) was obtained from Merck. The buf- 
fer used was 20 mM PIPES, adjusted to pH 7.2 with 
NaOH, supplemented with 110 mM Na,SO,. Water was 
purified by the Milli-Fb system (Millipore, Millford, MA). 
Polycarbonate membranes and membrane holders were 
purchased from Nucleopore (Pleasanton, CA). 
Liposome preparation. Unilamellar liposome vesicles of 
a defined size (about 100 nm) were prepared by extrusion 
of large unilamellar vesicles previously obtained by the 
reverse-phase evaporation method (16,17) based on an 
*To whorn correspondence should be addressecl at Instituto de Tec- earlier one described by Szoka and Papahadjopoulos (18). 
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lipids (lipid compositions PCIPA 9:l and 8:2 molar ratio). 
The lipids were then redissolved in diethyl ether, and the 
PIPES buffer was added to the solution of phosholipids. 
Gentle sonication led to the formation of a waterloil (WI0)- 
type emulsion. After evaporating the ethyl ether under 
reduced pressure, a viscous gel was formed. The elimina- 
tion of the final traces of the organic solvent transformed 
the gel into a liposome suspension. Unilamellar vesicles 
were obtained by extrusion of vesicle suspensions through 
800, 400, 200 and 100 nm polycarbonate membranes to 
achieve a uniform size distribution (19). The phospholipid 
concentration range in liposome suspensions studied was 
0.50-5.0 mM. 
Phosphorus estimation Phospholipid concentrations of 
the liposome vesicles were determined by the ascorbic acid 
spectrophotometric method for total phosphorus estima- 
tion (20). 
Determination ofparticle size distribution and stability 
of liposome preparations. Mean size and polydispersity 
of the liposome preparations were determined by a photon 
correlator spectrometer (Malvern Autosizer 4700c PSIMV; 
Malvern, England). Particle size distributions were estab- 
lished by particle number measurements. Samples were 
adjusted to the adequate concentration range with PIPES 
buffer, and the measurements were taken at 25OC at a lec- 
ture angle of 909 The particle size distribution of the lipo- 
some suspensions after preparation (phospholipid concen- 
tration ranging from 0.5 to 5.0 mM) varied little (around 
100 nm). The polydispersity indexes were lower than 0.1, 
indicating that the distributions were homogeneous. Like- 
wise, the particle size distribution of liposomes after ad- 
dition of equal volumes of PIPES buffer and equilibra- 
tion for 24 h at 25°C showed in al1 cases similar values 
as those obtained after preparation, with a slight increase 
in the polydispersity index (from 0.12 to 0.15). As a con- 
sequence, the liposome preparations appeared to be stable 
in absence of surfactants under the experimental condi- 
tions used in liposome solubilization studies. 
Liposome solubilization by surfactants. The perturba- 
tion produced by the surfactants in the phospholipid 
bilayers leads to the solubilization of the lipid components 
via mixed micelle formation (5). This solubilization results 
in changes in light scattering of these systems, which 
depends on the nature of both surfactant and lipid com- 
ponents. This can be monitored by measuring the varia- 
tions in light scattering during the solubilizing process (8). 
'Ib evaluate the variations obtained with the various sur- 
factants and bilayer compositions, the Re in an aggregate 
(liposome or micelle) is defined (9) in Equation 1. 
[total surfactant] - [surfactant monomer] 
Re = 111 
. 
[total phospholipid] - [phospholipid monomer] 
The second term of the denominator is negligible due to 
the low solubility of phospholipids in water. 
The overall solubilization process of phospholipids by 
surfactants can be characterized by three parameters 
termed Re,,,, Re,oyo and Re,,,, according to the nomencla- 
ture adopted by Lichtenberg (5,9), corresponding to the 
Re at which light scattering starts to decrease, reaches 
50% of the original value and shows no further decrease. 
These parameters correspond to the Re a t  which surfac- 
tant (i) saturates the liposomes, (ii) results in a 50% 
solubilization of vesicles and (iii) leads to total solubiliza- 
tion of the liposomes. 
These parameters can be determined from the linear 
dependence existing between the surfactant concentra- 
tions required to achieve these parameters and the phos- 
pholipid concentration in liposomes. The equations de- 
scribing the necessary surfactant concentration needed 
to saturate the bilayer (Eq. 2), to solubilize 50% of the 
liposomes (Eq. 3) or to achieve the complete solubiliza- 
tion of liposomes via mixed micelle formation (Eq. 4) are 
given as: 
S,,, = Sa + Re,, x (PL) Pl 
S,,I = Sc + Reso1 X (PL) 141 
where S,,,, S,,, and S,,, are the total surfactant concen- 
trations (mM), and (PL) is the phospholipid concentration 
(mM) in liposomes. The effective surfactant-to-phospho- 
lipid molar ratios (Re,,,, Re,,, and Re,,,) and the aqueous 
concentrations of surfactants (Sa, Sb and Sc) are in each 
curve, respectively, the slope and the ordinate at the origin 
(zero phospholipid concentration). 
Liposome suspensions were adjusted to the adequate 
lipid concentration (from 1.0 to 10.0 mM). Tb these, equal 
volumes of the proper surfactant solutions were added, 
and the resulting mixtures were left to equilibrate for 24 
h. Light scattering measurements were made at 25OC with 
a Shimadzu RF-540 spectrofluorophotometer equipped 
with a thermoregulated ce11 compartment (Kyoto, Japan) 
with both monochromators adjusted to 500 nm. The 
assays were carried out in triplicate, and the results given 
are the average of those obtained. 
Surface tension measurements. Surface tensions of buf- 
fered solutions of single surfactants and of liposomelsur- 
factant systems were measured by the ring method (21) 
at 25°C with a Krüss (Hamburg, Germany) tensiometer 
(processor tensiometer K-12), which determines directly 
the real surface tension values at equilibrium. 
CMC determination. The CMC for a single surfactant 
or the different liposomelsurfactant systems at a lipid con- 
centration of 0.5 mM in PIPES buffer were determined 
at 25 OC by plotting the surface tension values us. surfac- 
tant concentration. 
RESULTS AND DISCUSSION 
Solubilization studies. The solubilization of liposomes by 
surfactants was studied by monitoring the variations in 
the light scattered by the surfactantlliposome systems as 
a function of surfactant concentration. In this work, lipid 
bilayers consisted of PC unilamellar vesicles, to which PA 
was added, yielding liposomes with molar ratios PCIPA 
of 9:l and 8:2, to increase the negative charge of the bi- 
layers. 
Figure 1 shows the solubilization curves of the liposome 
preparations (PCIPA 9:l molar ratio and lipid concentra- 
tion from 0.5 mM to 5.0 mM) arising from the addition 
of different concentrations of nonionic surfactant OP- 
10EO. The increased light-scattering values obtained 
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FIG. 1. Percentage change in light scattering of unilamellar liposomes [phosphatidylcholinelphosphatidic acid (PCIPA) 9:l molar ratio] 
at bilayer lipid concentrations ranging between 0.5 and 5.0 mM us. nonionic surfactant octyl-phenol ethoxylated with 10 units of ethylene 
oxide or Triton X-100 surfactant concentration. Abbreviation: PL, phospholipids. 
upon addition of low levels of surfactant can be explained 
by bearing in mind that low amounts of surfactant incor- 
porated into bilayers increase the size of vesicles (5,8,10). 
From these curves, the surfactant concentrations that pro- 
duce saturation, half solubilization and total solubiliza- 
tion of the liposomes can be obtained by graphical meth- 
ods. The arrows A, B and C (curve for 5.0 mM lipid con- 
centration) correspond to these respective parameters, i.e, 
the surfactant concentration at which light scattering 
starts to decrease (S,,,), reaches 50% (s,,,) and shows no 
further decrease (S,,,). Similar curves (not shown) were 
obtained for the different surfactants tested. 
The measured surfactant concentrations are plotted us. 
phospholipid concentration (PCIPA 9:l molar ratio) (Figs. 
2-4). An acceptable linear relationship is established in 
each case. The straight lines obtained correspond to the 
aforementioned equations (Eqs. 2,3 and 4) where the Re 
parameters and the aqueous concentration of surfactants 
are for each curve, respectively, the slope and the ordinate 
at the origin (zero phospholipid concentration). Similar re- 
sults were obtained when treating more negatively 
charged liposomes (PCIPA 8:2 molar ratio) with these sur- 
factants under the same conditions (curves not shown). 
The solubilizing parameters obtained, including the re- 
gression coefficients of the straight lines (Figs. 2-4), and 
the CMC values of the surfactants in the buffered medium 
are shown in Table 1. 
In the vast majority of cases, solubilization of bilayers 
is only slightly affected by the presence of increased PA 
in the lipid bilayers. In that case, liposomes appear to be 
slightly more resistant to surfactant solubilization, except 
for the amphoteric D-Bet surfactant. Bearing in mind that 
lipid bilayers are electronegatively charged, the possible 
electrostatic repulsion between the charged bilayers and 
the anionic surfactants (SDS and SDES) could affect 
the Re parameters, resulting in slightly increased values. 
These electrostatic forces could also affect the Re para- 
meters of the amphoteric surfactant D-Bet, which under 
these conditions (pH 7.20) shows a cationic character 
(22). However, Our results confirm the small influence 
of the increased electrostatic forces (PCIPA 9:l and 8:2 
molar ratios) on the Re parameters for each surfactant 
tested (8). 
The surfactant concentrations in the aqueous medium 
were always similar or higher than the corresponding 
CMCs regardless of the electrical charge of the liposomes. 
The results suggest that surfactant-liposome solubiliza- 
tion is mainly determined by the formation of mixed 
micelles formed by the surfactant and the phospholipid 
molecules, unlike the behavior of these surfactants in sub- 
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FIG. 2. Plots of the concentrations of amphoteric surfactant dodecyl betaine (D-Bet) (W), 
sodium dodecyl sulfate (SDS) (O), sodium dodecyl ether sulfate (SDES) (A) and nonionic 
surfactant octyl-phenol ethoxylated with 10 units of ethylene oxide or Riton X-100 
(OP-1OEO) (*), corresponding to surfactant concentration a t  which liposomes were 
saturated by surfactant for liposomes (PCIPA 91 molar ratio), us. bilayer lipid concen- 
tration. See Figure 1 for abbreviations. 
2 3 
Phospholipid [mM] 
FIG. 3. Plots of the concentrations of D-Bet (W), SDS (O), SDES (A) and OP-IOEO ( O ) ,  
corresponding to surfactant concentration a t  which liposomes were solubilized 50% for 
liposomes (PCIPA 91 molar ratio) us. bilayer concentration. See Figure 2 for abbreviations. 
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FIG. 4. Plots of the concentrations of D-Bet (W), SDS (O), SDES (A) and OP-1OEO (el, 
corresponding to surfactant concentration a t  which liposomes achieved complete solubiliza- 
tion for liposomes (PCIPA 9:l molar ratio) us. bilayer lipid concentration. See Figure 2 
for abbreviations. 
TABLE 1 
Solubilizing Parameters of Liposomes (PCIPA 9:l and 8:l molar 
ratios): Bilayer Lipid Composition. The CMC of Surfactants 
and the Regression Coefficients of the Straight Lines 
of Figures 2-4 Are Also Includeda 
CMC PCIPA (9:l) 
(mM) Sa Sb Sc Resat Re50% Re,,, rZ 
D-Bet 1.25 1.25 1.27 1.30 0.60 1.00 1.40 0.996 
SDS 0.50 0.49 0.51 0.52 1.18 1.99 2.84 0.992 
SDES 0.12 0.12 0.13 0.14 1.10 2.40 3.70 0.996 
OP-IOEO 0.15 0.18 0.21 0.24 0.60 1.60 2.60 0.998 
PCIPA (8:2) 
D-Bet 1.25 1.25 1.26 1.30 0.50 0.94 1.30 0.994 
SDS 0.50 0.50 0.52 0.53 1.30 2.08 2.90 0.996 
SDES 0.12 0.14 0.15 0.14 1.22 2.50 3.90 0.994 
OP-1OEO 0.15 0.17 0.19 0.22 0.68 1.64 2.70 0.993 
aAbbreviations: PC, phosphatidylcholine; PA, phosphatidic acid; 
CMC, critical micelle concentration; D-Bet, amphoteric surfactant 
dodecyl betaine; SDS, sodium dodecyl sulfate; SDES, sodium dodecyl 
ether sulfate; OP-lOEO, nonionic surfactant octyl-phenol ethoxylated 
with 10 units of ethylene oxide or Triton X-100. Re, effective sur- 
factantllipid molar ratio at which light scattering starts to decrease 
(Resat), reaches 50% of the original value (Re509,), and shows no fur- 
ther decrease (Re,,,). 
solubilizing processes in which the action of surfactant 
monomers play an important role (6). 
In terms of the Re, the amphoteric surfactant D-Bet 
shows the lowest values (especially for PCIPA 8:2 liposome 
lipid compositions) followed by the nonionic surfactant 
OP-lOEO, whereas the anionic surfactants always show 
the highest values, particularly SDES, regardless of the 
electrical charge of the liposomes. 
Comparing the Re values of the two anionic surfactants, 
the slight decrease of Resat and the increase of the Re5,% 
and Re,,, parameters of the SDES compared to SDS 
could be attributable to the presence of 2.5 EO units in 
its molecular structure, because it is the only structural 
difference existing between these anionic surfactants. This 
raises questions about the influence of the EO in bilayer 
saturation and solubilization of these surfactants. Those 
EO units increase the hydrophilic character of the surfac- 
tants. This fact could be responsible for the changes in 
the Re parameters because it reduces the degree of irrita- 
tion and the CMC value (23), thus increasing water 
solubility (24). 
The data in %ble 1 also reveal that the Re parameters 
appear to be inversely correlated with the CMC of the sur- 
factants tested in the working medium. Thus, the am- 
photeric surfactant D-Bet, which has the highest CMC 
value (1.25 mM) presents the lowest Re parameters, where- 
as the SDES surfactant (CMC 0.12 mM) shows the high- 
est values, regardless of the electrical charge of liposomes. 
This tendency is also observed for the anionic surfactants, 
except for the Re,,, parameter. However, an exception is 
detected for OP-lOEO, which has a low CMC value (0.15 
mM) but appears to be particularly effective to bilayer 
saturation and solubilization. The Re parameters obtained 
for this nonionic surfactant are comparable with those 
reported in the literature (2), confirming the effectiveness 
of this surfactant in the interaction with lipid bilayers. 
Surface tension studies. 'Ib establish the relationship 
between the Re parameters and the CMC of the surfac- 
tants tested, a systematic investigation of surface tension 
was carried out by comparing the surface tension values 
of the single surfactants and the surfactantlliposome 
systems us. surfactant concentration. Figure 5 plots the 
surface tension variation us. surfactant concentration 
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FIG. 5. Plots of the surface tensions of D-Bet (ml, SDS (O), SDES (A) and OP-1OEO (e). (PCIPA 9:l molar ratio and lipid concentration 
0.5 mM) us. surfactant concentration in piperazine-1.4 bis(2-ethane-sulfonic acid) (PIPES) buffer. See Figures 1 and 2 for abbreviations. 
Concentration (mol dm -3) 
PIC. 6. Plots of the surface tensions [D-Bet (m), SDS (O), SDES (A) and OP-1OEO (O)]  of liposomelsurfactant systems for unilamellar 
liposomes with the same surfactants (PCIPA 9:l molar ratio and lipid concentration 0.5 mM) us. surfactant concentration in PIPES buf- 
fer. See Figures 1, 2 and 5 for abbreviations. 
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FIG. 7. Percentage change in light scattering of liposomes (PCIPA 9:l molar ratio, lipid concentration 0.5 
mM) us. surfactant concentration in the presence of D-Bet (W), SDS (O), SDES (A) and OP-1OEO ( 0 )  surfac- 
tants. See Figures 1 and 2 for abbreviations. 
for D-Bet, SDS, SDES and OP-lOEO and shows the con- 
ventional inflexion a t  their CMC values. Figure 6 shows 
the same variation for liposome/surfactant systems (lipid 
concentration 0.5 mM and PCIPA molar ratio 9:l) us. sur- 
factant concentration. In this figure, surface tension 
values decrease with increasing surfactant concentration 
and also present inflection points. These points can be con- 
sidered physicochemical parameters related to the CMC 
of the surfactantlphospholipid binary systems. In the pre- 
sent work, this inflection point is expressed as the 
CMC, ,,,. Similar physicochemical behavior was ob- 
served when treating more negatively charged liposomes 
(PCIPA molar ratio 8:2) with the surfactants under the 
same conditions. 
Comparing the CMC and CMC,,,, values (Figs. 5 and 
6) shows that the presence of lipid bilayers in the aqueous 
medium requires an increased surfactant concentration 
to achieve the corresponding CMC,,,,,. The displace- 
ments can be attributed to interaction of the components 
that leads to solubilization of the system. Likewise, in al1 
cases, slightly increased surface tension values at 
CMC,,,,, are obtained compared to those for the single 
surfactants at their CMC values. Figure 7 shows the 
solubilization curves of liposome suspensions (lipid con- 
centration 0.5 mM and PCIPA molar ratio 9:l) due to the 
addition of different amounts of D-Bet, SDS, SDES and 
OP-lOEO, respectively. Comparison of Figures 6 and 7 
shows that the CMC,,,,, values corresponded in al1 
cases to the S,,, parameters, i.e., the surfactant. concen- 
trations producing bilayer saturation of these systems. 
The results for lipid compositions PCIPA 9:l and 8:2 molar 
ratios are given in 'Pable 2. 
In light of this agreement and bearing in mind that 
Lichtenberg (5) postulated the solubilization of liposomes 
by surfactants via the formation of mixed micelles, we can 
assume that the CMC,,,, parameter corresponds to the 
CMC of mixed micelle formation during the solubilizing 
process. Lichtenberg, in his review (5), expresses the need 
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TABLE 2 
Surfactant Concentrations Corresponding to the S,,, Parameter 
of Liposomes (PCIPA 9:l and 8:2 molar ratios, 0.5 mM lipid 
concentrations) and CMC,,,,,: Bilayer Lipid Compositiona 
PClPA (9:l) PClPA (8:2) 
Ssat CMCsystem Ssat CMCsystem 
fmM) imM) imM) (mM) 
D-Bet 1.55 1.56 1.50 1.50 
SDS 1.08 1.04 1.15 1.13 
SDES 0.67 0.68 0.75 0.74 
OP-1OEO 0.48 0.47 0.51 0.52 
aSee Table 1 and Figure 2 for abbreviations. 
for experimental data to correlate the surfactant CMC 
with its solubilizing power. We have now obtained some 
experimental evidence in this area. From Our results, we 
conclude that, in solubilizing processes of liposomes by 
different surfactants, the aqueous concentration of sur- 
factant (Sa, Sb and Sc) is always similar or higher than 
the corresponding CMC value. The most striking result 
is that the Re is inversely correlated with the CMC of the 
surfactants tested, regardless of the negative charge of 
the liposomes. However, an exception has been detected 
for the nonionic surfactant OP-lOEO, which has a small 
CMC value and appears to be particularly effective in bi- 
layer saturation and solubilization. Moreover, in lipo- 
somelsurfactant interaction processes, the physicochemi- 
cal parameter CMC,y,,m can be regarded as an interest- 
ing molar ratio, capable of shedding light on the solubiliz- 
ing capacity of surfactants. 
In this connection, we suggest that liposome solubiliza- 
tion by surfactants should be studied, not only taking into 
account the possible correlation with the CMC of the pure 
surfactants but also the more specific physicochemical 
properties of the new mixed micelles formed between 
phospholipids present in the bilayer and the surfactants 
during the solubilizing processes. 
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